The absorption signals of a merocyanine-rhodanine dye in response to action potential were measured on the bullfrog atrium.
It is now possible to optically measure changes in the membrane potential (for reviews see COHEN and SALZBERG,1978; WAGGONER,1979) .Merocyaninerhodanine dyes have been used as rapid molecular probes to monitor action potentials in various nervous systems (WOOLUM and STRUMWASSER,1978 COHEN et al.,1978; GRINVALD et al.,1981; Ross and REICHARDT,1979; BROWN et al., 1979) .In addition,the merocyanine-rhodanine dyes were also applied to contractile tissues. BAYLOR and CHANDLER(1978) and NAKAJIMA and GILAI(1980) measured optical action potential in frog skeletal muscle stained with a merocyaninerhodanine dye(Dye XVII),and spontaneous action potentials were monitored in early embryonic chick hearts in normal solution FuJII et al., 1980 FuJII et al., ,1981a . MORAD and SALAMA(1979) detected absorption signals reflecting the action potential from frog heart muscle stained with a merocyanine-rhodanine dye or a merocyanine-oxazolone dye,in a low Ca2+-Ringer solution.They also demonstrated that the optical signals resembled the characteristic shape of cardiac ventricular action potentials.
Furthermore,an important advantage of an optical method for recording action potentials is that many cells or portions of the preparation can be monitored simultaneously.This method was originally introduced to record neuronal activity in invertebrate ganglia (GRINVALDet al.,1976 (GRINVALDet al., ,1981 SALZBERG et al., 1977) ,and KAMINO et al.(1981) applied this method to early embryonic chick heart.
In order to analyze the mechanism of arrhythmias simultaneous multirecordings from many cells of the cardiac preparation are advantageous.Although studies for arrhythmias using multiple microelectrodes in rabbit A-V node or atrial muscles have been reported (JANSE et al.,1971; ALLESSIE et al.,1974 ALLESSIE et al., ,1976 , the good simultaneous impalement of the many cells is technically difficult.In the present work,using a voltage sensitive merocyanine-rhodanine dye,we examined the possibility of simultaneous optical recordings of action potentials from many sites in cardiac preparations from the bullfrog.
METHODS
The bullfrog(Rana catesbeiana) was killed by a spinal pith. 
RESULTS
1. Optical signals accompanying action potential Figure 1 shows a simultaneous recording of an absorption change(top trace) and the action potential(bottom trace)in a bullfrog atrium stained with a merocyanine-rhodanine dye(Dye XVII).In this experiment,the measurement was carried out after the preparation had been placed in the Ca2+-free solution for 30 min to reduce artifact due to movements(see Fig.3 ).The action potential was recorded with a microelectrode impaled in one of the cells within the field of the optical recording.The absorption increase(=the transmittance decrease) at a wavelength of 700nm had a similar time course to that of the action potential. The onset of the optical signal closely coincided with that of the action potential. However,in the action potential obtained with a microelectrode (Fig.1b) steady resting potential was observed during phase 4,but in the optical change( Fig.la) there was an undershoot.The duration of the optical signal was slightly longer than that of the action potential.In this preparation,the resting potential was
In order to know the cause of this discrepancy between the absorption signal The onset and duration of the optical signal were very similar to those of the membrane potential change.When the optical signals were compared with the electrical ones,the slope of the plateau and the diastolic phase were slightly different(A and B).Trace a in A was obtained at 700nm,trace a in B with white light,and trace a in C again at 700 nm. The optical changes were mostly reduced by illumination with white light as shown in trace a in B,while change resembling small contraction of the preparation remained. and the action potential pattern,we performed the following experiment (Fig.2) . These recordings also were obtained after the preparation had been bathed in Ca2+-free solution for 30min.As shown in Fig.2B ,although the optical signals were mostly reduced by illumination with white light,small optical changes remained. It is likely that the optical changes in Fig.2A or 2C consisted of two components, i.e.,the one obliterated by the white light reflects the action potential,while the other that remained with the white light is produced by a contraction of the heart muscle.
This finding was also reconfirmed by the experiment shown in Fig.3 in which we studied the time course of the optical signals in Ca2+-free solution.In this experiment,the optical signal consisted of two components,and the amplitude of the 1st component increased inversely in proportion to the decrease of the 2nd component with the elapse of time.After 30min the absorption signal closely resembled the action potential pattern as shown in Fig.3D .From this result, it is evident that the 2nd component decreased as the contraction was reduced in Ca2+-free solution and that the 1st component became clear. Therefore,it is evident that the 1st component reflected the action potential and that the 2nd one was due to the contraction of the heart muscle .
2. Signal-size and action spectra In a bullfrog atrium stained with the merocyanine-rhodanine dye(Dye XVII) , the fractional change in transmittance at 700nm was on the order of one part of As shown in Fig.5 ,the action spectrum in absorption of the merocyaninerhodanine dye was triphasic with a decrease in absorption from 530 to 600nm, an increase from 640 to 720nm,and a decrease at 750nm,exhibiting a shoulder at 650nm and a maximum at 700nm where the largest signal was observed.
At 620 or 630nm,the absorption signal of the merocyanine-rhodanine dye was null.The pattern of action spectrum recorded from any position of the dyed preparation was almost the same. In the preparation with motion,although the pattern of the absorption signal resembling the action potential was partly modified,the pattern of the action spectra was much the same as that shown in Fig.5 As shown in Fig.7B ,the onset of each optical signal was slightly different trom ton trace to bottom trace.
Delays between the signals correspond to the conduction velocity of the excitation.This velocity calculated from the delay between trace 1 and trace 5 was 0.22m/sec in Ca2+-free solution.In 
DISCUSSION
The experiments described herein demonstrate that the optical method for simultaneous multi-recording of membrane potentials can be applied to monitor the action potential in the heart muscle.
As was found in squid(Loligo pealii)giant axons GUPTA et al.,1981) ,absorption signals of the merocyanine-rhodanine dyes are relatively larger and directly proportional to membrane potential change over the physiological range of membrane potential. MORAD and SALAMA(1979) reported the possibility of monitoring action potential with a merocyanine-rhodanine or a merocyanine-oxazolone dye using bullfrog and guinea pig heart muscles.They demonstrated that dyed cardiac muscle exhibited the same optical action signal as the electrical action potential in a Ca2+-free solution.The upstroke of the optical action signal was only 2 msec slower than that of the electrical action potential.In our experiment also,the time course of the absorption signal was the same as that of the electrical action potential(see Figs.1 and 2 ).The magnitude of the fractional change in transmission intensity in the bullfrog atrium was smaller than that found in the frog ventricular flap by MORAD and SALAMA(1979) and larger than that in embryonic chick heart (FUJII et al.,1981b) .Onset of both optical and electrical signal coincided well,while the upstroke of the optical signal was relatively slower than that of the electrical signal.This might have been caused by the filter put in the recording system to rule out the noise.
In the optical measurements of action potentials from contractile tissues such as heart muscle,the effect of movement artifact on the signal is the most serious problem to be overcome.In the cardiac muscle in a normal solution,the pattern of the optical signals was distorted(because the movement also was optically detected).However,the first component of the optical signal resembling the action potential was closely dependent on the wavelength of the incident light and was eliminated by illumination with white light or at a wavelength of 620 or 630nm.The component due to the movement could be detected with white light before and after staining and at 620 or 630nm where the action spectrum of the absorption signal of the merocyanine-rhodanine dye was null. FUJII et al. (1980) described the empirical criteria for distinguishing between the components.
The action spectrum(triphasic pattern)of the absorption signal obtained from bullfrog atrial muscles stained with the merocyanine-rhodanine dye was different from that(monophasic pattern)obtained in squid giant axon and the superior cervical ganglion cells (Ross and REICHARDT,1979) .This discrepancy may be due to species or tissue differences (Ross and REICHARDT,1979 The spectrum was,however,similar to that obtained in the case of frog heart (MORAD and SALAMA,1979) and embryonic chick heart (FuJII et al.,1981b) . It seems likely therefore that this reflects differences in the microenvironment that the dye may encounter in a membrane (WAGGONER and GRINVALD,1978) .
As simultaneous optical recordings of the action potential from several portions were feasible,evidence for this spread of action potential in the heart muscle was demonstrated in Cat+-free solution.In our preparation,the optical signal sizes are slightly different depending on the position of the optical recording. It seems likely that this is caused by several factors including membrane area and the amount and sites of dye binding (COHEN et al.,1974) .Conduction velocity measured from the optical measurement was all but equal to that obtained from the electrical measurement in Cat+-free solution.
The mechanism of generation of arrhythmia has been studied using multiple microelectrodes (ALLESSiE et al.,1974 (ALLESSiE et al., ,1976 .However it is very difficult to impale multiple microelectrodes simultaneously.Optical recording of action potentials in many different portions should enhance analysis of the spatial temporal spreading in normal and arrhythmic excitation of the heart muscle.
